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Electronic properties of a semiconducting armchair graphene nanoribbon on SiO 2 are examined using first-principles calculations and taking into account the van der Waals interaction. Unlike semiconducting carbon nanotubes, which exhibit variations in band gap on SiO 2 , the nanoribbon is found to retain its band gap on SiO 2 , regardless of the separation distance or the dielectric's surface type-crystalline or amorphous. The interfacial interaction leads to electron-transfer from the nanoribbon to the dielectric. Moreover, for crystalline SiO 2 , the quantity of electron-transfer and the binding energy depend strongly on the type of surface termination and weakly on the binding sites. Graphene nanoribbons (GNRs) show distinct material properties from those of other carbon allotropes. [1] [2] [3] [4] In addition to edge chemistry, their interaction with dielectric surfaces holds particular importance, especially in terms of nanoribbon's potential applications in electronic devices. Owing to one-atom thickness and finite dimension, the susceptibility of a nanoribbon to chemical or electronic degradation arising from interactions with foreign atoms or an interface needs to be understood in detail to harness its full potential.
Graphene-SiO 2 , 5-8 ZGNR-SiO 2 , 9 and CNT-SiO 2 , 10 are studied in detail. Here, AGNR-SiO 2 is examined, using density functional theory (DFT) calculations. And it is shown that, unlike semiconducting CNT, AGNR retains its band gap on crystalline or amorphous SiO 2 . Nonetheless, it has energetic preference on crystalline SiO 2 and electrons are transferred to the dielectric, which makes the nanoribbon a p-type material on SiO 2 .
The interfacial interactions are investigated for both crystalline SiO 2 (c-SiO 2 ) and amorphous SiO 2 (a-SiO 2 ), where the crystal structure of a-quartz is used for the c-SiO 2 structure, and a-SiO 2 is prepared by annealing and cooling c-SiO 2 through molecular dynamics simulations. For c-SiO 2 , because of symmetry, only a few interfacial configurations (P,Q,R) are sufficient to determine the generic behavior of an interface. 5 As depicted in Fig. S1 in the supplementary material, 11 in P configuration, the surface atoms (either Si or O) are right below the center of the hexagons, and in R configuration, they are located right below the carbon atoms. On the other hand, for a-SiO 2 , which hardly has any symmetric configuration, the nanoribbon is placed at various randomly chosen locations on the a-SiO 2 surface and the electronic properties are extracted in an average sense. Unlike graphene, the bonding characteristics between atoms change sharply at the edges of GNRs. 12 Here, we consider the stable edge configuration a 11 (as noted in Ref. 12) , which is shown to be nonmetallic and nonmagnetic.
The amorphous structure of SiO 2 (a-SiO 2 ) is prepared by annealing c-SiO 2 using the molecular dynamics code LAMMPS. 13 The Tersoff 14 interatomic potential, parameterized by Munetoh, 15, 16 is used to model Si-O interactions. The atomistic structure of c-SiO 2 , after raising its temperature to 5000 K and holding it for 10 ps, is cooled to room temperature at a cooling rates of 1.0 Â 10 11 K/s. Different annealing temperatures (4000 , 5000, and 6000 K) and cooling rates (1.0 Â 10 10 , 1.0 Â 10 11 , and 1.0 Â 10 12 K/s) are chosen to study their effects on the prepared amorphous structure. The conclusions are found not to be affected by them. The resulting a-SiO 2 structure is then relaxed using DFT calculations. A comparison of the electronic charge distribution on relaxed c-SiO 2 and a-SiO 2 surfaces (as shown in Fig. 1 ) and at different depths from the surface (as depicted in Fig. S2 ) 11 demonstrates that the electronic charge distribution in a-SiO 2 , at any plane parallel to the graphene nanoribbon, is inhomogeneous. However this distribution causes no substantial change to the semiconducting characteristics of the nanoribbon.
The electronic structure calculations are performed with the SIESTA code 17 The length of the SiO 2 (0001) surface along the y-direction is taken as 8.52 Å , which matches with the nanoribbon's length along the periodic direction, 5 thus causing no significant strain. The total energy for the interface calculations is converged for a k-mesh of (k x , k y , k z ) : (2 Â 12 Â 1) which contains 14 k-points in the irreducible Brillouin zone.
The energy of interaction is calculated for a number of distinct separation distances, as shown in Fig. 2 . For any particular interface configuration, the separation distance d 0 denotes the distance where the interaction energy is a minimum, E 0 . Their values, presented in Table I Analogous to graphene 5 or CNT, 10 the interface formation leads to electron-transfer from the graphene nanoribbon to the dielectric, as shown in Fig. 3 . The charge-transfer characteristics are investigated by using the Mulliken population analysis, 5 as implemented in the SIESTA code.
The relation between the quantities of charge transfer across the interface and separation distance is well fitted by a simple mathematical form 5 
DQ ¼ ad
Àb ;
where DQ (electrons/Å or e/Å ) is the amount of charge transferred across the interface and a, b are the fitting parameters. The values of the fitting parameters shown in Table II are determined by using the curve fitting utility cftool in MATLAB.
For the O-terminated surface the quantity of charge-transfer is a maximum in the R configuration, whereas for the Siterminated surface, the charge-transfer characteristics in P and R configurations become very similar. Irrespective of the surface type, electrons are transferred from the nanoribbon to the dielectric making the nanoribbon a p-type material on SiO 2 . The total number of transferred electrons depends on the number of C-Si or C-O channels formed at the interface. The atomic spacing (Si-Si for the Si-terminated surface, O-O for the O-terminated surface, or Si-O for a-SiO 2 ) between the surface atoms is larger than the nanoribbon's C-C bond length. It can be argued that the interactions between the channels or binding sites are negligible and the channels can effectively act independently to transfer electrons to the dielectric. The total charge-transfer can, thus, be determined by summing contributions from all the channels that are formed across the interface.
In spite of the above mentioned energetics or chargetransfer characteristics as well as the differences noted in the The charge-transfer from AGNR to the O-terminated surface is higher than that to the Si-terminated surface. Binding site has negligible effect on charge-transfer for the Si-terminated surface. However, for the O-terminated surface, the effect is substantial. electronic charge distributions on amorphous SiO 2 , the electronic characteristics around the Fermi energy is found to be unaffected in all circumstances. The perturbation caused by interface formation to the total density of states of an isolated AGNR is the sum of the partial density of states (PDOS) for all the C atoms in the AGNR. The total DOS of the AGNR, for a several surface configurations considered here, are shown in Fig. 4 .
For the O-terminated surface, where the interaction with the nanoribbon is stronger, AGNRs DOS (away from the Fermi energy) get affected the most. However, the changes manifested in the DOS plots for the O-terminated surface goes away as the separation distance is increased. Likewise, for the Si-terminated surface, the electronic states of the nanoribbon remain mainly unaltered. Moreover, it is remarkable that even in a-SiO 2 (where a significant charge inhomogeneity is present), no defect states are created within the band gap. Despite the minor changes to the electronic states of the nanoribbon, the band gap is unchanged in all cases: (a) O-or Si-terminated c-SiO 2 , (b) nanoribbon on various binding sites on c-SiO 2 , (c) a-SiO 2 or c-SiO 2 , and (d) LDA-DFT and vdW-DFT.
In summary, the energetics as well as the electrontransfer characteristics of AGNR are found to be influenced by interface formation. Even though the electronic states of the nanoribbon are affected (especially away from the Fermi energy) by interface formation, the band gap of the nanoribbon is unaltered for c-SiO 2 or a-SiO 2 . 
